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Abstract 
The control of area fraction and formation mechanisms of titanium carbide in the alloys has been 
studied. It has been found that carbon addition improves the mechanical properties of titanium and 
its alloys due to the presence of titanium carbide particles, which restricts the growth and formation 
of  𝛼 phase precipitates. The benefit of carbon additions on β-type titanium alloys has further 
expanded its applications in the aerospace and automotive industries. In addition, the development 
of β-type titanium alloys has also led to the significant growth of medical applications in the past 
few decades such as bone or orthopaedic implants. 
Commercial pure titanium samples with carbon concentration at 0.25wt%C, 1.3wt%C, 2.7wt%C, 
5.9wt%C, 9.8wt%C and 14wt%C were sintered at 1250 ℃ for 2 hours followed by 12 hours of air 
cooling inside a furnace. Both microstructural observations and hardness tests of the present work 
have shown consistent results with phase diagrams and several literature studies. As expected, the 
area fraction of titanium carbide in the alloys can be controlled by the amount of carbon additions 
at low carbon concentrations.  
According to the analysis of titanium carbide fraction in the present work, it has found that the 
amount of titanium carbide does not increase proportionally with the amount of carbon additions, 
indicating that the maximum solubility of carbon in the titanium alloys plays a significant role on 
the formation mechanism of titanium carbide.  
Further research has also shown several factors that may significantly influence and control the 
morphology, distribution and the area fraction of titanium carbides in the alloys, including different 
alloying elements and alternative heat treatment techniques. In addition, the theory of interface-
controlled dissolution and its effect on constitutional liquation are investigated for heat-treated 
alloys cooled at a rapid rate.  
In order to propose feasible controlling methodologies of titanium carbide in the alloys for the 
desired mechanical properties, future investigations should be taken with respect to: Firstly, 
extensive research on the effect of interface-controlled dissolution specifically on titanium alloys. 
Secondly, Perform SEM/TEM analysis and tensile/compressive tests on the as-sintered CP-Ti 
samples and finally, conduct tests on titanium alloy with other alloying compositions or alternative 
heat treatment method.  
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Chapter 1: Introduction  
Owing to its high corrosion resistance and highest strength-to-weight ratio in comparison to any 
other metal (TITAN Advanced metals, 2016), titanium (Ti) is considered as one of the most 
versatile materials for various applications. Detailed properties of pure Ti are provided in appendix 
X. According to the properties of an unalloyed grade 12 Ti at room temperature (appendix XI), the 
tensile strength of about 510 MPa is higher than that of a low-grade steel alloy, however titanium 
is 45% lighter in terms of weight. Even though titanium is generally 60% more dense than most 
commercial grade aluminium, its strength is twice as strong as aluminium alloys (TITAN 
Advanced metals, 2016), allowing it to gain the versatility for a wide variety of industrial purposes.  
To acquire better properties for specific purposes, titanium is alloyed with other alloying elements 
such as aluminium (Al), carbon (C), molybdenum (Mo) and vanadium (V). Base on the addition 
of different alloying elements, the unique properties of titanium alloys can be achieved for instance, 
higher strength, low density, ductility, low thermal and electrical conductivity and more. These 
properties can then be used for automotive, aerospace applications, medical applications and other 
purposes. 
The exceptional biocompatibility as well as the modulus similarity to human bones also allow 
titanium alloys to be one of the best materials for biomedical applications such as orthopaedic or 
dental implants. In the recent medical industry, various β-type titanium alloys such as Ti-Mo and 
Ti-Nb alloys are used extensively for the development and fabrication of implants to substitute 
hard human tissues or organs, in order to restore their original functions. However, some limitations 
may still exist due low abrasion resistance, poor tribological behaviour and high coefficient of 
friction (Yong Luo et al, 2009).  
In the past decades, while some of the traditional bone implants may achieve similar weight and 
mechanical properties of a normal human bone, most of them are either too dense, toxic, lack of 
spaces for tissue growth or just simply have poor biocompatibility to human body, leading to 
multiple serious adverse reactions. These limitations have attracted many attentions onto the study 
of modification techniques of titanium alloys, especially the addition of carbon contents. 
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1.1. Background information 
Several studies have indicated the effect of carbon additions in Titanium alloys. As reported by 
multiple authors (Y. G. Li et al, 2001; Zhang S. et al, 2016; Zhao, D. et al, 2015), both the 
mechanical properties and microstructures of Titanium alloys are drastically influenced by the 
inclusion of carbon particles due to the formation of Titanium carbide precipitates (𝑇𝑖𝐶𝑥). 
Base on the study by Luo, Y. et al(2011), who investigated the effect of carburization on the 
properties of medical grade Ti alloy (Ti6A14V), suggested that the formation of 𝑇𝑖𝐶𝑥  on the 
surface of Ti alloys benefit the material in terms of hardness, fracture toughness and still maintain 
sufficient plasticity for biomedical applications. His experimental results were evident as he stated 
the improvement of hardness by 128%, with better fracture toughness at 21.5×10^6 Pa·m1/2 (Luo, 
Y et al, 2011). 
According to Z.Q. Chen et al (2003), these 𝑇𝑖𝐶𝑥  particles improve the mechanical properties 
through two major factors; 1. Since 𝑇𝑖𝐶𝑥 precipitates are excellent oxygen getters, the removal of 
oxygen content may result in titanium oxy-carbide formation, which leads to the reduction of α 
precipitates and restricts further growth of α grains. 2. According to the Hall-Petch relation, the 
refinement of grain sizes due to the formation of precipitates on the grain boundaries can improve 
the overall strength.  
However, as it is still unknown where the formation of Titanium oxy-carbide took place. It is hard 
to decide whether the oxy-carbides have already existed prior the heat treatment process. Therefore, 
other devices and equipment such as WDX analysis are required to determine the exact amount of 
carbide formation during heat treatment.  
Other factors such as the addition of different alloying elements and different heat treatment 
processes, which include operating temperature, straining and cogging, are also reported to 
contribute substantial influences on the microstructures of 𝑇𝑖𝐶𝑥 particles.       
As investigated by Z.Q. Chen et al (2003), alloy composition has a significant effect on the role of 
carbon in titanium alloys. Since different alloying elements tend to have varying solubility of 
carbon, elements with lower carbon solubility tends to reduce the maximum solubility of carbon in 
titanium (1.8wt%), leading to coarser grains and higher fraction of 𝑇𝑖𝐶𝑥 particles. On the contrary, 
there would be less 𝑇𝑖𝐶𝑥 precipitates if the alloying elements have higher carbon solubility (greater 
than 1.8wt%).   
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For the purpose of biomedical applications, Daisuke Kuroda et al (1998) performed toxicity and 
biocompatibility analyses on several commercial grade titanium alloys. As the most widely used 
titanium alloy for orthopaedic implant, Ti-6Al-4V possesses excellent, corrosion resistance, 
biocompatibility and similar mechanical properties to human bone. However, it has been reported 
by R.Zwicker et al (1980) that the alloying element V consists of high toxicity when in contact 
with human body. Other non-toxic titanium alloys consisted of elements such as Ta, Nb, Mo, Zr 
and Sn are studied and developed to replace V-base alloys.  
To explain the diffusive behaviour of carbon particles in titanium matrix, the theory of precipitation 
dissolution and constitutional liquation are discussed and incorporated with the experimental 
results conducted for this thesis, in order to propose a feasible control method on the control of 
titanium carbide in the alloy. 
1.2. Objectives of the project 
The aim of this project is to investigate the control of carbon concentration within the porous 
titanium alloy scaffolds by studying the precipitation mechanisms of titanium carbide particles with 
different alloying elements and amount of carbon additions. Furthermore, different heat treatment 
processes are also studied for the influence on microstructures. 
A list of goals is proposed prior to the commencement of project. 
 Current applications of titanium and titanium alloys, particularly in the biomedical 
fields, as well as any possible future development.  
 Importance of titanium carbide particles and their impacts in the current development 
of Ti or its alloys.   
 To research and investigate how carbon at different concentrations affect the properties 
of commercially pure titanium.  
 To research and conduct experiments on CP-Ti samples with different carbon 
concentrations.   
 Discuss the most effective method or series of methods to achieve the desired 
mechanical properties of CP-Ti scaffolds.   
 To control the carbon level of titanium alloy scaffolds in order to achieve the desired 
architecture and mechanical properties. 
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Chapter 2: The role of carbon additions on the microstructures and 
mechanical properties of β-type Titanium alloys  
As one of the most versatile class of titanium alloys, β-type titanium alloys have offered the best 
strength to weight ratios, corrosion resistance, toughness and fatigue resistance for several 
industrial applications, especially for medical implants.  
The unique properties of β-type titanium alloys such as Ti-V-Cr-Al and Ti-V-Al-Sn-Cr alloy 
systems are acquired through solution treatment and aging treatment, however these methods 
enable the precipitation of α phases from β matrix (Z. Q. Chen et al, 2003). The formation of α 
phase precipitates are detrimental and often result in high embrittlement since α precipitates 
preferentially grow at the grain boundaries.  
In order to produce a fully stabilised β alloy, β stabilising alloying elements are required to achieve 
the desired properties for medical implants. A recent study on the Ti-V-Cr alloy systems have 
shown that addition of carbon with more than 1000ppm can effectively limit the precipitation of α 
phases (Z. Q. Chen et al, 2003). Furthermore, the addition of carbon may potentially increase the 
ductility of Ti-V-Cr-Al alloy systems under the presence of oxygen content. 
Despite the superior properties of 𝑇𝑖𝐶𝑥, high concentration of 𝑇𝑖𝐶𝑥 particles within titanium alloys 
may actually be highly detrimental to some of the mechanical properties of the material. This 
chapter evaluates specifically on the effect of carbon additions on β-type titanium alloys such as 
Ti-15-3 (Ti-15V-3Al-3Sn-3Cr) in terms of both microstructures and mechanical properties, since 
this titanium alloy is known to form non-uniformly distributed α phases under high temperature 
heat treatment according to the experiment performed by Z. Q. Chen et al (2003). 
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2.1. The role of carbon particles in Titanium alloys 
As mentioned in background information, additional carbon contents limit the growth of α phases 
to achieve desirable mechanical properties such as improved ductility, high strength and fatigue 
resistance. Due to the nature of carbon, which is expected to have low solubility in titanium alloys 
and acts primarily as a titanium carbide former (Z. Q. Chen et al, 2003). The presence of titanium 
carbide in the alloys restricts further grain growth by limiting α precipitates, this effectively reduces 
the grain size and leads to improved strength. Another crucial factor of additional carbon contents 
is the ability to remove oxygen from the matrix through the formation of titanium oxy-carbide 
(Ti(CO)). As α phase precipitates around the β grain boundaries, titanium carbide particles at the 
grain boundaries play an important role as an efficient oxygen getter, which further reduces the 
oxygen content. As it is known that oxygen is a strong α stabilising element, the reduction of 
oxygen level in the alloys may significantly decrease the amount of α phase precipitates around the 
grain boundaries, hence embrittlement is limited. 
2.2. 𝑇𝑖𝐶𝑥/Oxygen interaction 
To observe the interaction between 𝑇𝑖𝐶𝑥  and oxygen, a wavelength dispersive X-ray analysis 
(WDX) was performed by Z. Q. Chen, et al (2003) to investigate the oxygen contents in the matrix 
in comparison with the oxygen contents in 𝑇𝑖𝐶𝑥 as shown in figure 1. 
It is noticed that the amount of oxygen contents in the β matrix are always lower than that of 𝑇𝑖𝐶𝑥. 
This trend supports the concept of titanium carbide’s 
role as a getter of oxygen to form (Ti(CO)). The 
formation of titanium oxy-carbide (Ti(CO)) is also 
supported by several studies including Z. Q. Chen, 
et al (2003), which provided a bright field image 
from SEM as shown in figure 3, indicating no sub-
grain boundaries in 𝑇𝑖𝐶𝑥. In addition, Peel spectra in 
figure 2 had also shown that the C/Ti ratio in TiC of 
the alloy with 0.2wt% additional carbon was 0.5+-
0.05. All these trends have supported the fact that the 
presence of oxygen in the titanium carbide 
encourages the formation of (Ti(CO)).      Figure 1 WDX analysis of oxygen in beta matrix and 
titanium carbide for Ti-15-3-0.2C(Z. Q. Chen et al, 2003) 
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2.3. Effect of additional carbon on the tensile properties of Titanium alloys 
According to the tensile test results of solution-treated Ti-15-3 obtained from Z. Q. Chen, et al 
(2003) in figure 4. Generally, the strength is improved the most from 0wt% concentration to 
0.2wt% concentration, further addition of carbon does not seem to increase the strength by a 
significant margin. However, the elongation is reduced drastically as the carbon content increases.   
 
Figure 4 Tensile properties of Ti-15-3-xC at room temperature for samples water quenched for 1 h at 950°C followed by air 
cooling for 14 h at 525°C. (Z. Q. Chen, et al, 2003) 
Since carbon has an extremely low solubility in titanium alloys, 𝑇𝑖𝐶𝑥 precipitation can be achieved 
simply through heat treatment. Therefore, the amount of carbon contents has a direct correlation to 
the formation of 𝑇𝑖𝐶𝑥 precipitates.  
There are three major strengthening techniques as a result of 𝑇𝑖𝐶𝑥 precipitation. Firstly, as a hard 
particle itself, 𝑇𝑖𝐶𝑥  can increase the dislocation density and further restrict the movements of 
dislocations. However, this effect is not as significant as the other two, because these particles are 
often too large and too far apart to be effective. The second mechanism involves the refinement of 
Figure 2 SEM micrograph of Ti-15-3-0.2C heat treated at 
560°C for 4 h after water quenching from 950°C(Z. Q. 
Chen et al, 2003) 
Figure 3 PEEL spectra of Ti-15-3-0.2C sample heat treated at 
560°C for 4 h after water quenching from 950°C(Z. Q. Chen et al, 
2003) 
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grain size, which further increases overall strength of the alloy according to the Hall-Petch relation. 
Finally, as discussed earlier, the existence of 𝑇𝑖𝐶𝑥 within the grain boundaries may significantly 
reduce the amount of α precipitates due to the formation of (Ti(CO)), hence leading to increase 
ductility and the ability for work hardening Z. Q. Chen, et al (2003). 
2.4. β Grain refinement mechanisms by 𝑇𝑖𝐶𝑥 
The grain refinement of β Ti alloys can be achieved by introducing titanium carbide precipitates, 
which impedes further grain growth through nucleation and provide the nucleation site for β grains. 
As hard precipitates, 𝑇𝑖2𝐶 particles do not deform during isothermal heat treatments, therefore the 
amount of recrystallization increases along with high density of dislocations that restrict grain 
growth. In addition, the nucleation site provided by fine 𝑇𝑖2𝐶 particle provides opportunities for 
more recrystallizations for β grains.  
The concept of grain refinement through additional carbon contents has been supported by several 
authors (V. C. Nardone, 1987; G. T. Terlinde, 1983) as they have all pointed out the reduction of 
ductility for alloys without carbon contents is actually caused by the formation of α precipitates 
around β grain boundaries, and that by adding C may improve the ductility by restricting α growth. 
2.5. Some disadvantages of carbon in Ti alloys 
While depending on certain applications, most effect of carbon addition on titanium alloys are very 
beneficial in terms of high strength to weight ratio, excellent ductility and good fatigue resistance, 
there are also some detrimental factors that require serious reconsideration.  
Despite the fact that the strength does significantly increase for Ti alloys with carbon contents, 
additional carbon may often result in about constant or even decrease in strength (Z. Q. Chen et al, 
2003). As more carbon addition always lead to the formation of coarse 𝑇𝑖2𝐶 , the chances of 
subgrain boundary fracture become relative enough to reduce the overall strength of the alloy.  
Furthermore, the increase amount of α/ β interfaces as a result of grain refinement may lead to the 
decrease of ductility, which can potentially compensate the increase of ductility due to the 
restriction on α precipitation.  
In addition, the formation of 𝑇𝑖2𝐶 precipitates promotes the accumulation of stress on the interface 
of 𝑇𝑖2𝐶/ β matrix, which may lead to the initiation of cracks on the interface (Z. Q. Chen et al, 
2003). 
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According to the conclusion from D. Zhao et al (2016), who investigated the properties of as 
sintered Ti-Nb alloys, proposed that the growth of 𝑇𝑖𝐶𝑥 particles along the grain boundaries often 
results in the reduction of tensile ductility, fatigue properties and corrosion resistance of titanium 
alloys. This phenomenon is evident with the table extracted from D. Zhao et al (2016) as shown in 
table 1, which demonstrates the area fraction of titanium carbides and mechanical properties of Ti-
Nb alloy systems. 
 
Table 1 Tensile properties and area fraction of titanium carbide of as-HIP CP-Ti and Ti-Nb alloys( D. Zhao et al, 2016)  
It is noticed that as the titanium carbide fraction increases, the UTS of Ti alloy also increases as 
expected, however at the same instance, both the elongation and Young’s modulus decreases.  
Ultimately, in terms of the application of Ti alloys in the biomedical field, the formation of TiC 
within Ti alloy should be controlled to achieve biocompatibility to human bone tissues. 
Chapter 3: Effect of alloying elements on β-type titanium alloys with 
carbon additions 
During the past few decades, in order to achieve the desired mechanical properties, better fire 
resistance and oxidation resistance of titanium alloys for aerospace applications, several work are 
conducted on the effect of alloying elements on titanium alloys.  
In addition, recent studies have discovered the effect of carbon on the properties and 
microstructures of Ti-Mo and Ti-V are very different. This suggests the possibility that the alloy 
composition may have substantial effect on the formation of 𝑇𝑖𝐶𝑥.  
According to Daisuke Kuroda et al (1998), since the applications of pure titanium and Ti-6Al-4V 
alloy had been widely used in the biomedical industry, especially for implant materials, many 
studies were developed to investigate the toxicity levels of the alloying elements that are potentially 
harmful to human health. In order to achieve the desired implant properties and structures, β-type 
titanium alloys with different ally composition were designed for less modulus of elasticity, better 
corrosion resistance and improved osseointegration in comparison with α and β-type Ti alloy 
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systems (Daisuke Kuroda et al, 1998). This chapter focusses on the effect of alloy composition on 
the mechanical properties and microstructures of titanium alloys with additional carbon contents. 
In addition, the cytotoxicity of metallic alloying elements is analysed and discussed for biomedical 
applications. 
3.1. Alloying elements for Titanium 
Some of the most commonly used alloying elements for titanium are Fe, Mn, Co, Ni, Cr, Ta, V, 
Cu and Mo. Due to the presence of 𝛼 and 𝛽 phases, the alloying elements of Ti can be defined as 
𝛼 or 𝛽 stabilizers. As the name suggested, the 𝛼 stabilizers assist the Ti alloy to achieve stable 𝛼-
phase microstructures by increasing the beta transus temperature, these alloying elements include 
carbon, oxygen, nitrogen and aluminium (Luther M. Gammon et al, 2004). On the other hand, the 
𝛽 stabilizers help the Ti alloy to reach complete 𝛽-phase microstrucutres by reducing the beta 
transus temperature, the 𝛽-stabilizers include vanadium and molybdenum (Luther M. Gammon et 
al, 2004).    
Depending on the area fraction of 𝛼 and 𝛽 grains, the Ti alloys are classified into 𝛼-alloys, 𝛽-
alloys and 𝛼- 𝛽 alloys. Where 𝛼-alloys consist of all 𝛼 microstructures under ambient conditions, 
𝛽-alloys can be achieved by high cooling rate from above the beta transus temperature and 𝛼- 𝛽 
alloys are alloys that contain a mixture of 𝛼 and 𝛽 phases at room temperature (Luther M. Gammon 
et al, 2004). 
According to Z. Q. Chen et al (2003), the effect of 0.2wt%C on the microstructures of titanium 
alloys with the each of the above element, (Ti-15X (Mn, Fe, Co, Ni, Cr, V, Ta, Cu, Mo)-0.2C) has 
been investigated separately using scanning and transmission electron microscopy (SEM/TEM) as 
shown in appendix I, II. 
From the backscattered scanning electron images, it is observed that Ti-15X (Fe, Mn, Cr, Mo)-
0.2C alloys consist of both coarse and fine 𝑇𝑖𝐶𝑥 particles as well as some β grains. Most coarse 
𝑇𝑖𝐶𝑥 crystallites are found along the grain boundaries, whereas finer precipices are found within 
the β grains. In addition, these alloys have higher volume fraction of  𝑇𝑖𝐶𝑥 particles at around 
5vol%.  
According to the microstructures of as cast Ti-15X (Ni, Cu and Co)-0.2C alloys as shown in 
appendix II, β dendrites, 𝑇𝑖𝐶𝑥  crystallites and 𝑇𝑖2𝑋  (Ni, Co and Cu) particles are observed. 
However, there are no presence of 𝑇𝑖𝐶𝑥  dendrites. Furthermore, due to the absence of 𝑇𝑖𝐶𝑥 
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dendrites, the overall 𝑇𝑖𝐶𝑥 volume fraction of theses alloys are significantly less than Ti-15X (Fe, 
Mn, Cr, Mo)-0.2C alloys, which are between 0.8-1.3vol%.  
The results from Z. Q. Chen et al (2003), along with several studies, have supported the fact that 
alloying behaviour of other elements tend to significantly influence the formation of 𝑇𝑖𝐶𝑥 particles 
as well as their role in titanium alloys. This phenomenon of 𝑇𝑖𝐶𝑥 formation can be explained by 
the maximum solubility of carbon in different alloying elements, which will be discussed in the 
following section. 
3.2. Formation of 𝑻𝒊𝑪𝒙 particles in titanium alloys  
By referring to the Ti-C binary phase diagram as shown in Appendix III, the mechanism of  𝑇𝑖𝐶 
formation can be understood. As it is known that the eutectic composition of a Ti-C system is 
0.46wt%C and the maximum solubility of carbon in titanium is 1.8at% (J. I. Murray, 1987), no 
formation of 𝑇𝑖𝐶𝑥 particles is expected when the composition is below 0.46wt%C.  
Since alloying elements have different solubility of carbon, they tend to either increase or decrease 
the maximum solubility of carbon when alloyed with titanium, leading to higher or lower fraction 
of 𝑇𝑖𝐶𝑥 precipitates.  
Alloying elements such as Fe (0.4at %), Cr (0.3at %), Mn (0.1at %) and Mo (1.1at %) have 
significantly lower carbon solubility in comparison with Ti (1.8at %). On the contrary, other 
alloying elements for instance, Ta (7at %), V (4.3at %) and Co (4.1at %) have substantially high 
percentage of carbon solubility in comparison with Ti. Therefore, it is expected that the carbon 
contents of Ti-15X (Fe, Mn, Cr, and Mo)-0.2C alloy systems should be higher than the maximum 
solubility of other alloying elements, leading to the formation of primary 𝑇𝑖𝐶𝑥 (Z. Q. Chen et al, 
2003). In addition, the large solidification gap of the above titanium alloys would result in carbon 
enrichment around β grains, hence the formation of 𝑇𝑖𝐶𝑥 particles along the grain boundaries as 
shown in the microstructures in appendix I.  
Since the carbon contents of Ti-15X (Ni, Cu and Co)-0.2C alloy systems are lower than that of 
other titanium alloys, there is expected to be less formation of 𝑇𝑖𝐶𝑥 particles, leading to higher 
carbon concentration in the β grains. 
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3.3. The behaviour of 𝑻𝒊𝑪𝒙 and their role as an oxygen getter 
From earlier in the previous chapter, sub-stoichiometric titanium carbides (𝑇𝑖2𝐶) are known to act 
as oxygen getters and result in the formation of Ti(CO). As reported by Z. Q. Chen (2003), the 
removal of oxygen contents is closely related to the presence of superlattice maxima from 𝑇𝑖2𝐶 
particles, in which oxygen would occupy the vacant carbon sites, leading to the formation of Ti(CO) 
with the presence of maxima. Therefore, any carbides that have the similar composition to 𝑇𝑖𝐶 do 
not remove oxygen from the matrix due to the absence of superlattice maxima. However, the 
presence of 𝑇𝑖2𝐶 particles does not necessary indicates the removal of oxygen. According to the 
SEM/TEM analysis from appendix IV and V, while both Ti – 15Ta – 0.2C and Ti – 15Cr –0.2C 
consist of similar carbides in the form of 𝑇𝑖2𝐶. Ti – 15Ta – 0.2C does not remove oxygen from the 
matrix since traces of oxygen content is still detected by EELS. This indicates that oxygen tends to 
be more soluble in Ta containing alloy in comparison with 𝑇𝑖2𝐶 itself.  
 
The difference in the solubility of oxygen can then be determined by the atomic sizes of the alloying 
elements. Since both Ta and Mo have large atomic sizes at 139 and 146 pm respectively, whereas 
elements such as V, Mn and Cr are slightly smaller at 134, 128 and 127 pm respectively, the 
addition of Mo and Ta in titanium would provide greater interstitial sites to accommodate oxygen. 
Therefore, in order for 𝑇𝑖2𝐶 to act as an oxygen getter, the formation of 𝑇𝑖2𝐶 must be taken place, 
and the presence of large metal atoms should not increase the solubility of oxygen higher than that 
of 𝑇𝑖2𝐶 particles (Z. Q. Chen, 2003). It should also be noted that the interstitial sites could be 
enlarged with elevating temperatures, leading to sufficient spaces for the accommodation of 
oxygen atoms under high temperature range.   
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3.4. Toxicity of Ti alloying elements 
The selection of alloying elements for implant materials should always be considered as some of 
them may result in devastating health issues. As Ti–6Al–4V ELI is the most widely used Ti alloy 
for orthopaedic applications due to its corrosion resistance and mechanical properties, the presence 
of V in the human body has been reported as highly toxic. Al has also been pointed out as the cause 
of certain diseases. Figure 5 demonstrates the correlation between the polarization resistance and 
biocompatibility of metals, Co-Cr alloy and stainless steel (Daisuke Kuroda et al, 1998). 
Zr, Ti, Nb and Ta are considered to have 
high biocompatibility and belong to the 
vital group, while Al belongs to the capsule 
group with relatively lower 
biocompatibility and V has demonstrated 
high toxicity with poor biocompatibility.    
Another trend reported by Steinemann and 
Kawahara as shown in figure 6 displays the 
biological safety of metals (Daisuke 
Kuroda et al, 1998).  
According to this trend, titanium has a 
relatively good biocompatibility for its 
high cell growth rate and fribroblastic 
outgrowth. Again, V is found at the 
most left corner of the diagram, 
indicating that this alloying element is 
highly toxic and resist against cell 
growth. 
 
 
 
Figure 5 Polarisation resistance VS. Biocompatibility of different metals, Co-
Cr alloy and stainless steel(Daisuke Kuroda et al, 1998). 
 
 
Figure 6 Coefficient of fibroblastic outgrowth VS. Relative growth rate of 
L929 cells (Daisuke Kuroda et al, 1998). 
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3.5. The mechanical properties of non-toxic β-type titanium alloy 
As reported by Daisuke Kuroda et al (1998), several non-toxic β-type titanium alloys with different 
compositions were designed and investigated. The elongation, 0.2% proof stress, ultimate tensile 
strength and the moduli of elasticity of the as-solutionised designed alloys were recorded as shown 
in appendix VIII and appendix IX. (ST) represents the samples that are not aged, whereas (STA) 
represents the samples that are aged between 673K -773K for 10.8ks. It is noticed that all of the 
as-solutionised designed alloys have much lower strength with better elongation in comparison 
with Ti-6Al-4V and Ti-13b-13Zr. Some designed alloys such as Ti-29Nb-13Ta-4.6Zr, Ti-16Nb-
13Ta-4Mo, Ti29-Nb-13Ta and Ti-29Nb-13Ta-4.6Sn have shown drastic improvements on tensile 
strength after aging, however, they are very brittle compared to conventional Ti alloys. Furthermore, 
the addition of Zr and Mo to Ti-29Nb-13Ta have both increased the elongation with small 
improvements on tensile strength. An interesting trend is also observed as the content of Nb 
increases from Ti-16Nb-13Ta-4Mo to Ti-29Nb-13Ta-4Mo, the elongation is significantly reduced 
with slightly lower tensile strength.  
The general moduli of elasticity of as-solutionised alloys are lower in comparison with the 
conventional Ti alloys as shown in appendix IX. While the moduli of Ti-Nb-Ta alloy systems with 
the addition of Zr and Mo have both shown improvements after aging, they are still lower compared 
with the conventional alloys. Overall as an implant material, β-type titanium alloys with alloying 
elements such as Nb, Ta, Zr, Sn and Mo are expected to perform better than conventional titanium 
alloy implants.  
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Chapter 4: The interaction of titanium carbides with heat treatment 
process  
From previous chapters, carbon plays a crucial role at changing the microstructures of the β 
titanium alloys. With an appropriate amount of carbon contents, the presence of titanium carbides 
allows the alloys to achieve improved strength, better ductility and thermal stability. Furthermore, 
the effect of titanium carbides on mechanical properties were studied and discussed previously. To 
summarise, a unique particle stimulated nucleation (PSN) mechanism was found to be promoted 
by the presence of titanium carbides, which further led to large fraction of dynamic recrystallization 
(DRX) in the β titanium alloys (Saifei Zhang et al, 2016). The PSN mechanism can be influenced 
by several factors, such as alloying composition, amount of carbon addition and processing 
methods. Instead of revisiting the concept of PSN mechanism and how it changes the properties of 
β titanium alloys, this chapter focuses on the interaction between titanium carbides with different 
processing methods, as well as the effect of deforming parameters on recrystallization. 
4.1. Effect of hot compression process  
According to a study report by Saifei Zhang et al (2016), who conducted a series of isothermal hot 
compression tests on Ti-35V-15Cr-0.3Si-0.1C with Gleeble-1500 thermal simulator, the 
microstructures of the samples with height reduction of 20%, 50% and 80% were observed using 
black-scattered electron (BSE) images as shown in figure 7 (a-d). The black morphology in the 
images represents titanium carbide particles. In comparison with the 𝑇𝑖𝐶𝑥precipitates of as-cast 
titanium alloy, the immediate change of shapes, sizes and distribution of 𝑇𝑖𝐶𝑥can be observed in 
the sample with 20% of reduction. The precipitates are compressed in the vertical direction as 
expected and there seems to be no discontinuities. However, as the reduction passes over 30%, 
some 𝑇𝑖𝐶𝑥 are broken down to pieces but still remain high aspect ratio. Since the formation of 𝑇𝑖𝐶𝑥 
precipitates are the result of eutectic reaction during heat treatment, they are large in size, coarse 
and can be easily fractured. Therefore, it is expected that furthermore deformation of the sample 
may result in the breakdown of 𝑇𝑖𝐶𝑥 particles as they fracture.  
 
This phenomenon becomes more significant after 80% of height reduction as shown in figure 7 (c). 
The aspect ratios of each  𝑇𝑖𝐶𝑥  precipitates are drastically reduced and becomes finer with 
increasing strain.  
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From the observations and analysis made by Saifei Zhang et al (2016), a strong correlation between 
the heat treatment methods and the microstructures of 𝑇𝑖𝐶𝑥  precipitates is found, which has a 
strong potential to drastically affect the PSN-induced process of recrystallization phenomenon.  
  
As the refinement of 𝑇𝑖𝐶𝑥  precipitates can be performed through heat treatments, higher 
distribution and nucleation sites can be achieved. This enables the potential of controlling the 
amount of nuclei and recrystallized grain size through the control of processing parameters, which 
requires further investigation especially in terms of deformation temperature and strain rate as they 
are the primary factor of PSN mechanisms.   
 
Figure 7 The morphology of titanium carbide with reduction of (a) 20%, (b) 50%, (c) 80% at 1050°C/0.1s^-1 and (d) 
undeformed(Saifei Zhang, 2016). 
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4.2. Effect of strain and strain rate 
Base on the previous observations made by Saifei Zhang et al (2016), no notable changes were 
identified for the samples with low height reductions in comparison with undeformed samples, 
except the distribution of carbides along the metal flow direction. Further reduction of height over 
30%, however, increases the distribution and the amount of fine 𝑇𝑖𝐶𝑥  precipitates through the 
breakdown of coarse carbides into discontinuities.  
Even though hot compression method does promote the PSN mechanisms by breaking down 
titanium carbide, this concept is not always applicable to other titanium alloys without second 
phase particles in their microstructure. A study by I. Weiss and S. L. S (1998), who performed 
compression tests on Ti60, had shown volume fraction of recrystallization of less than 8% even at 
75% of reduction, which is apparently very low in comparison with titanium alloys with carbon 
additions. This phenomenon is known to be controlled by dynamic recovery due to the high 
stacking fault of energy within the beta titanium alloys (I. Weiss and S. L. S, 1998). 
 
The strain rate also influences the microstructure of titanium alloys with carbon additions. As 
reported by Saifei Zhang et al (2016), at slower strain rate, the carbide precipitates are broken down 
into smaller particles as the sample is compressed perpendicular to compression axis. These small 
discontinuities act as new nucleation sites for recrystallization of grains and allow better 
distribution in comparison with undeformed samples. In addition, refinement and better 
distribution of recrystallised grains can be achieved by increasing the strain rate. Since 
recrystallization is a process and usually requires time to grow, slower strain rate allows sufficient 
time for grains to both nucleate and grow. However, higher strain rate limits most of the grain 
growth through continuous impact in short period of time. Therefore, the microstructures of 
titanium carbide have a strong correlation with strain rate, which can be considered as one of the 
major controlling parameters for the carbon contents in titanium alloys.    
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4.3. Effect of deformation temperature 
Since the PSN mechanism is mainly thermally activated, the deformation temperature plays a 
significant role at influencing the microstructures. According to the microstructures recorded by 
Saifei Zhang et al (2016) in appendix VI, two distinctive changes are observed for the 
microstructures deformed at 950 °C in comparison with unreformed sample. Firstly, 𝑇𝑖𝐶𝑥 dendrites 
are distributed perpendicularly to the compression axis. Secondly, more recrystallized grains are 
found and concentrated around the 𝑇𝑖𝐶𝑥 dendrites. As the deformation temperature continues to 
increase from 950°C to 1050°C, both the amount and sizes of grain increase. In addition, most 
𝑇𝑖𝐶𝑥 dendrites are broken down into smaller particles. Further increase of temperature over 1150°C 
leads to larger grains due to higher diffusion rate of grain boundaries, at this stage no coarse 𝑇𝑖𝐶𝑥 
dendrites are observed as they are fully transformed into tiny particles. 
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Chapter 5: Theory of precipitate dissolution and constitutional 
liquation  
In order to control the concentration of 𝑇𝑖𝐶𝑥 in titanium alloy, several studies have been conducted 
to investigate the relationship between carbon and titanium after heat treatment. According to an 
article published by C. Arvieu and Manaud (2004), who investigated the Ti-C interaction at 
moderate temperature range, reported that the diffusion of carbon within titanium alloy is mostly 
controlled by the carbon diffusion through 𝑇𝑖𝐶𝑥 at high temperatures above 800℃. Other studies 
have also stated the importance of diffusion rates of carbon in 𝛼 or 𝛽 titanium alloys. Furthermore, 
the article has concluded that the carbon diffusion within Ti enables the formation of 𝑇𝑖𝐶𝑥 particles 
along the titanium grain boundaries (Arvieu, Manaud et al. 2004).  
The concentration of 𝑇𝑖𝐶𝑥  particles in Ti alloys can also be controlled by the amount of  𝛽 
stabilizers. According to D. Zhao et al (2016), who investigated precipitation mechanism of 𝑇𝑖𝐶𝑥 
in 𝛽 titanium alloys such as Ti-Nb and Ti-Mo, stated that ‘ the amount of Ti carbides increases 
with increasing concentration of the or 𝛽-stabilizers’. As a consequence the carbon solubility in of 
 𝛽 -Ti alloys significantly decreases as the addition of 𝛽  alloys increases. Furthermore, it is 
suggested by D. Zhao et al (2016) that in order to achieve a 𝛽-Ti alloy free from any TiC crystallites, 
the carbon content must be controlled by less than 0.006wt. %, which is obviously very impractical 
and time-consuming.  
As the formation of titanium carbide is primarily controlled by the diffusion rate of carbon within 
titanium alloys. Interface controlled precipitate dissolution and constitutional liquation could have 
strong influences on the microstructures and ultimately, the mechanical properties of β titanium 
alloys with carbon additions. This chapter investigates the phenomenon of constitutional liquation, 
the possible methodologies to control this effect and ultimately, to incorporate the findings with 
the current study on controlling presence of titanium carbide in the alloys.  
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5.1. Concept of constitutional liquation 
According to B. Radhakrishnan (1993), constitutional liquation in a binary alloy can be explained 
as the diffusion process between the second phase precipitates and the matrix at temperatures above 
the eutectic point, but below the solidus line of the binary alloy as shown in figure 8 (B. 
Radhakrishnan, 1993). 
As an alloy with the composition of 𝐶0 is heated rapidly up to a peak temperature 𝑇𝑃 and above the 
eutectic temperature, the precipitate-matrix interface begins to liquate and at the same instance 
exceeds the composition up to 𝐶𝑆, resulting in further recrystallization of the second phases. In 
order to exceed 𝐶𝑆, some form of solute enrichment in the liquid phase must be achieved either 
through the partial or complete dissolution of precipitates. This theory is also applicable in several 
multicomponent alloys due to the presence of sub-solidus liquation as reported by B. 
Radhakrishnan (1993). The occurrence of constitutional liquation is often unwanted as this effect 
promotes the formation of uncontrolled precipitates at the concentration that is undesirable.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Effect of constitutional liquation of beta in alpha (B. Radhakrishnan, 
1993). 
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5.2. The mechanism of interface controlled precipitate dissolution 
The dissolution of precipitates involves the movement of the precipitate-matrix interface, which 
requires a form of driving force, such as an activity or free energy gradient (B. Radhakrishnan, 
1993). This movement of interface often results in the deviation from thermodynamic equilibrium, 
which leads to the possibility of constitutional liquation. According to B. Radhakrishnan (1993), 
the velocity of a moving interface can be presented as the following equation.  
𝑅 = 𝑀 ∗ 𝐹 
Where M represents the mobility of the interface and F is the driving force due to an activity or 
free energy gradient at the interface. From this equation, the true thermodynamic equilibrium can 
never be possible when there is a movement at the interface. Since with the absence of driving 
force, the velocity will always be zero (B. Radhakrishnan, 1993). However, near-thermodynamic 
equilibrium is still possible if the mobility is too large that the driving force can become negligible. 
In most cases, the balance of both the mobility and the free energy gradient at the interface controls 
the interfacial matrix concentration. 
In addition, the dissolution of a precipitate within a matrix can be explained with the following 
equation (B. Radhakrishnan, 1993).  
𝜎 = (
𝐾𝑅0
𝐷
+ 1)−1 … [1] 
Where 𝜎 is a constant, 𝑅0 is radius of the precipitate, D is the diffusion coefficient of solute and 𝐾 
is the interfacial reaction constant. From equation [1], it is noticed that the dissolution is diffusion 
controlled if 𝐾𝑅0 ≫ 𝐷, otherwise it is interface controlled if 𝐾𝑅0 ≪ 𝐷.  
This can be explained since the constant K corresponds to the mobility of the interface. Therefore, 
high K value indicates high mobility of interface, leading to diffusion controlled transformation. 
Whereas low K values indicates low mobility of interface, hence leading to interface controlled 
transformation.  
As it is known that the mobility of the interface plays a predominant role at influencing the 
mechanism of precipitate dissolution. Three major factors are proposed by B. Radhakrishnan (1993) 
to control the kinetics of dissolution; 1. Interface structure, 2. Diffusivity of solute 3. And free 
energy of precipitate formation  
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By utilizing these three controlling variables, the desired amount of titanium carbides in the alloys 
can potentially be achieved.   
5.2.1. The structure of interface 
To achieve interface controlled precipitate dissolution, the structure of interface between 
precipitate and matrix must be coherent even for coarse precipitates B. Radhakrishnan (1993). This 
enables the movement of highly coordinated solute atoms and lead to the nucleation of ledges. 
Furthermore, J.W. Cahn et al (1964) has also indicated that some form of driving force is required 
to allow uniform detachment and attachment of solute atoms across the interface, which is essential 
for the occurrence of interface-
controlled dissolution. 
As indicated by several studies (F.V. 
Nolfi, 1970); K. Abbpt, 1973), the 
requirement of driving force has 
resulted in significant deviation 
from thermodynamic equilibrium. 
This can be explained by a simple 
free energy curves of a binary alloy 
system as shown in figure 9. It can 
be seen that since the driving force is 
provided by the free energy gradient 
at the interface, the interfacial solute 
concentrations are reduced and lower than those given by phase diagram, which is evident as the 
interface compositions of both α and β are lower than that of equilibrium compositions.  
Since the process of constitutional liquation is diffusion controlled, solute enrichment in the matrix 
is required for the formation of recrystallized precipitates. The coherent interface structure may 
potentially limit or eliminate the effect from constitutional liquation as it reduces the solute 
enrichment in the matrix due to the requirement of driving force.  
 
Figure 9 constitutional liquation of beta in alpha. A driving force for both A 
and B is observed at the interface of beta to alpha transformation (B. 
Radhakrishnan, 1993). 
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5.2.2. Diffusivity of solute 
Interface-controlled dissolution is not only limited to coherent precipitates. Under certain 
circumstances, such as a significant difference between the diffusivities of elements within the 
precipitate can still achieve interface-controlled dissolution even with incoherent interfaces.   
The presence of both substitutional and interstitial elements within the precipitate provides a 
balance of constant interface movement by; 1. Minimizing the driving force for the transport of 
fast diffusing interstitial elements and 2. Maximizing the driving force of the transport of slow 
diffusing substitutional elements.  
5.2.3. Free energy of precipitation formation  
The chemical bonds between the elements of precipitate also play a significant role in interface 
controlled precipitate dissolution. If a precipitate has strong chemical bonding between alloying 
elements, then there is a possibility that the rate of dissolution can be restricted by the rate of bonds 
being broken.  
According to L. S. D. (1953), the nitrogenizing of iron in the austenitic region can support this 
phenomenon. It was discovered that the dissolution process was mainly governed by the rate at 
which the nitrogen gas was converted to nitrogen atoms, rather than the diffusivity of nitrogen in 
the matrix.  
The effect of chemical bonding is especially common in multicomponent alloys, where there is 
higher possibility of strong and complex chemical bonding between the substitutional and 
interstitial atoms.     
5.3. The effect of interface-controlled dissolution on titanium alloys 
As it is known that interface-controlled dissolution results in lower solute concentration in this case, 
carbon in the matrix, and that constitutional liquation is fully diffusion-controlled. The effect of 
interfaced-controlled dissolution can reduce the amount of solute enrichment in the matrix, leading 
to less or no recrystallization of titanium carbide.  
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According to figure 10, two interfacial matrix 
concentrations are shown as curve a and b. It 
is noticed that since the rate of interface 
reaction increases at higher temperatures, 
curve b has shown less deviation from 
equilibrium at high temperature, whereas 
curve a has higher deviation from equilibrium 
at lower temperature.  
Furthermore, since constitutional liquation 
can only occur when the curve intersects the 
solidus line, the reduction of solute 
concentration due to interface-controlled 
dissolution pushes the solvus line from curve a to curve b, which further delays the occurrence of 
liquation from 𝑇𝐿  to 𝑇𝐿
′ . This leads to either the restriction or elimination of recrystallized 
precipitates and therefore, the precipitation of titanium carbide particles in the alloys can be 
controlled.  
The theory of interface-controlled liquation provides a basis for modifying the precipitate of 
titanium alloy systems by either heat treatment types or alloy compositions, in order to develop the 
desired microstructures that can resist sub-solidus liquation during rapid heating process.  
 
 
 
 
 
 
 
 
Figure 10 Effect of interface-controlled dissolution on the 
susceptibility to constitutional liquation(B. Radhakrishnan, 1993). 
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Chapter 6: The microstructure of commercially pure titanium with 
varying carbon concentration (0.25wt%C, 1.3wt%C, 2.7wt%C, 
5.9wt%C, 9.8wt%C, 14wt%C) 
As stated in the previous chapters, the presence of titanium carbides in the alloys plays a significant 
role in controlling grain growth, in gettering oxygen as well as in changing the way alpha phase 
precipitates during high temperature heat treatment. These factors characterize the microstructures 
and the properties of titanium alloys and this chapter aims to investigate these characterizations by 
using commercially pure titanium with varying carbon concentration.  
To achieve the desired carbon concentration, the weights required for carbon and titanium are 
calculated by equating the moles of both elements with the following equation;  
𝑇𝑖𝐶𝑜𝑛𝑐 ×
𝐶𝑤𝑒𝑖𝑔ℎ𝑡
𝐶𝑚𝑜𝑙𝑎𝑟
= 𝐶𝐶𝑜𝑛𝑐 ×
𝑇𝑖𝑤𝑒𝑖𝑔ℎ𝑡
𝑇𝑖𝑚𝑜𝑙𝑎𝑟
 (A) 
Where 𝑇𝑖𝐶𝑜𝑛𝑐 and 𝐶𝐶𝑜𝑛𝑐 are the concentration percentage of titanium and carbon respectively, and 
𝐶𝑚𝑜𝑙𝑎𝑟 and 𝑇𝑖𝑚𝑜𝑙𝑎𝑟 are the molar masses of their respective elements, which are already known 
as𝐶𝑚𝑜𝑙𝑎𝑟 = 12𝑔/𝑚𝑜𝑙, 𝑇𝑖𝑚𝑜𝑙𝑎𝑟 = 40𝑔/𝑚𝑜𝑙. 
Ti samples with 0.25wt%, 1.3wt%, 2.7wt%, 5.9wt%, 9.8wt% and 14wt% concentration of carbon 
are selected for the experiment, where each sample is weighed 1g.   
6.1. Sample preparation  
Carbon nano-powder ( < 100𝑛𝑚 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ) and commercially pure titanium powders were 
weighed and mixed together using Turbula Shacker as shown in figure 11. According to the table 
in appendix VII, the desired carbon samples were obtained at 0.25wt%C, 1.3wt%C, 2.7wt%C, 
5.9wt%C, 9.8wt%C, 14wt%C. Once all six mixtures were prepared, they were split in halves to get 
12 samples. The samples were then compacted into small cylinders with ∅10mm die and manual 
compacting tool (CARVER Hydraulic Press as shown in figure 13) up to 300MPa.  
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Figure 14 Struers Cito-Press30 
Figure 11 Trubula Shacker for powder 
mixing. 
 
Figure 13 Carver Hydraulic Press. 
Figure 12 Carbolite High Vacuum sintering 
furnace. 
Figure 18 Carbon nano-poweder. 
Figure 15 Struers TegraForce-5 
Figure 17 Weight Scale. 
Figure 16 As-sintered CP-Ti samples. 
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6.2. Sintering  
After compaction, all 12 samples were placed inside the Carbolite high vacuum sintering furnace 
as shown in figure 12. The heat treatment process involved sintering isochronally at 1250 ℃ for 2 
hours under vacuum condition, follow by 12 hours of slow rate cooling before taken out and 
mounted. 
6.3. Mounting and polishing 
Initially, the samples were mounted with PolyFast phenolic powder by using Struers CitoPress-30 
as shown in figure 14. The mounting process involved heating the samples up to 180°C for 3:30 
mins then cooling for 1:30mins.  
To achieve better surface finish, the samples were grinded with Struers TegraFroce-5 from coarse 
SiC papers at #120, #320, #600 to finer SiC papers at #1200 and #4000 as shown in figure 15. 
Water was applied continuously throughout the process to ensure that the samples were lubricated. 
Alcohol was applied to the samples after every step of grinding to avoid further oxidation. Once 
the samples were grinded, they were placed under a microscope for the observation of any obvious 
scratches, the grinding process was repeated from SiC #320 to #4000 if there are too many visible 
scratches.  
After grinding, the samples were polished with MD-Chem 
paper. The polishing process took 10 minutes and for each 
minute a mixture of 9ml OP-S and 1ml hydrogen peroxide 
solution was applied by one or two drops to lubricate the 
samples. The samples were then fully immersed within an 
alcohol filled container, which was placed inside an ultrasonic 
cleaner to wash off any impurities shown in figure 19.   
Lastly, the polished samples were etched on the surface with 
solution mixture of 5% hydrofluoric acid and 30% HNO3. 
 
 
Figure 19 Ultrasonic cleaner. 
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6.4. Microstructural observation 
The samples were then rinsed and dried before taken for microscopic observations. The 
microstructure of each sample was observed and recorded with optical microscope for further 
evaluations. 
6.5. Hardness test 
Micro-hardness test was performed by using Struers Duramin as shown in figure 20. Samples with 
carbon weight percentage of 0.25wt%C, 0.5wt%C and 0.00025wt%C are tested three times each 
to obtain an average hardness value in HV. Firstly, each sample was fitted inside a sample holder, 
which was then placed under the microscope. Secondly, the indentation point was adjusted to avoid 
any surfaces with impurities, once a clean surface was found, the indentation process commenced. 
Thirdly, after the indentation, the dimension of the indented area was recorded through the 
microscope. Finally, the hardness value was generated automatically and recorded. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20 Struers Duramin. 
Figure 21 Sample holder. 
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6.6. Results 
According to appendix VII, the table displays the calculated weight percentage of carbon in 
commercially pure titanium at carbon concentrations from 1% to 50%. Six samples with carbon 
weight percentage of 0.25wt%C, 1.3wt%C, 2.7wt%C, 5.9wt%C, 9.8wt%C, 14wt%C were heat 
treated through sintering and evaluated through microstructural observations.  
6.6.1. Microstructures 
 
Figure 22 As-sintered CP-Ti with 0.25wt%C at scale A. 100 𝜇𝑚 B. 50 𝜇𝑚 C. 20 𝜇𝑚 
The microstructures of as-sintered commercially pure titanium with 0.25 wt%C can be seen in 
figure 22, which consists of 𝛼 grains, many pores and some fine/coarse 𝑇𝑖𝐶𝑥. The presence of 
porous structures is evident as circular black contrast, which are about 20𝜇𝑚 long, 12.5𝜇𝑚 wide 
in size and are uniformly distributed. The formation and growth of 𝑇𝑖𝐶𝑥  precipitates can be 
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observed along the grain boundaries, which contains a mixture of 𝛼 phases as shown in the white 
contrast. Some coarse carbides about 55 𝜇𝑚 long and 57.5 𝜇𝑚 wide are seen within the 𝛼  grains, 
whereas finer carbides with about 5 𝜇𝑚 in diameter are observed according to figure 22.  
 
Figure 23 As-sintered CP-Ti with 1.3wt%C at scale A. 100 μm B. 20 μm 
In the microstructures of as-sintered CP-Ti with about 1.3wt%C as shown in figure 23, the number 
of porous structures as well as 𝑇𝑖𝐶𝑥 particles increases. The 𝛼 grains become finer along with the 
increase of carbide sizes (about 7.5 𝜇𝑚 in diameter) due to increasing carbon contents. However, 
some grain boundaries appear to be diminished and replaced by the carbide precipitates. While the 
pore sizes seem to remain the same as the previous carbon concentration, they are not as evenly 
distributed. In addition, it is noticed that the growth of 𝑇𝑖𝐶𝑥  crystallites is impeding the grain 
boundaries. 
 
Figure 24 As-sintered CP-Ti with 2.7wt%C at scale A. 50 μm B. 20 μm 
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As carbon increases up to 2.7wt% as shown in figure 24, the amount of 𝑇𝑖𝐶𝑥 particles becomes 
more significant and more coarse carbide precipitates with dendritic features are observed. The 𝛼 
phase region (white contrast area) becomes less significant as the grain size decreases due to the 
nucleation and growth of 𝑇𝑖𝐶𝑥 precipitates along the grain boundaries. Furthermore, the porous 
structures begin to vary in sizes and are not distributed homogenously as the previous 
concentrations.  
 
Figure 25 As-sintered CP-Ti with 5.9wt%C at scale A. 50 μm B. 20 μm 
As expected, according to figure 25 the amount of very coarse 𝑇𝑖𝐶𝑥  particles is drastically 
increased at 5.9wt% carbon. The number of grain decreases due to the increase of carbon contents, 
which further encourages the growth of 𝑇𝑖𝐶𝑥 particles as the two-phase region slowly reduces. The 
distribution of pores is uneven and worse than the previous concentrations. Grain boundaries are 
barely visible since they are now replaced by 𝑇𝑖𝐶𝑥  precipitates. In addition, some defects are 
observed due to oxidations.  
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Figure 26 As-sintered CP-Ti with 9.8wt%C at scale A. 50 μm B. 20 μm 
Figure 26 shows the microstructures of CP-Ti with 9.8wt% of carbon content. The grain sizes are 
significantly reduced with increasing growth of coarse 𝑇𝑖𝐶𝑥 particles along the grain boundaries, 
which are barely visible. Further refinement of grains is no longer possible due to the solubility of 
the matrix has already reached its maximum limit. The increase amount of pores is also evident 
due to more carbon contents, however most of them are irregularly shaped and varies in different 
sizes. Similar to the previous concentration, some part of the surface has experienced oxidation. 
 
Figure 27 As-sintered CP-Ti with 14wt%C at scale A. 50 μm B. 20 μm 
For the as-sintered CP-Ti with 14wt% carbon concentration, the microstructure is filled with 𝑇𝑖𝐶𝑥 
particles. The increase of porous structures is evident as they are more closely packed than the 
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previous concentration, however they are also irregularly shaped and varies in different sizes. There 
is no presence of grains as the sample is already over saturated with carbon.  
6.6.2. 𝑻𝒊𝑪𝒙 fraction results  
 The results of TiC fraction are evaluated with imageJ as shown in the following tables below:   
  
  
  
Table 2 Titanium carbide fraction of as-sintered CP-Ti samples at different carbon concentration. 
 
 
6.6.3. Hardness test results  
Sample Test #1 (HV) Test#2 (HV) Test#3 (HV) Average (HV) 
0.00025wt%C 227 235 269 243.67 
0.25wt%C 258 259 252 256.33 
0.5wt%C 419 474 425 439.33 
Table 3 Hardness results of as-sintered CP-Ti samples. 
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6.7. Discussion 
Prior to discussing the analysis made from the microstructures, it is important to revisit the 
previously established statements from chapter 3 on the effects of carbon additions within titanium 
alloys after heat treatment, in order to make comparisons with the experimental observations.  
1. Since carbon generally has a low solubility, the addition of C plays an important role as a 
titanium carbide former. Lower carbon concentration leads to finer carbide precipitates, on 
the contrary, higher carbon concentration produces coarser 𝑇𝑖𝐶𝑥 particles with sub-grain 
boundaries.  
2. Since 𝑇𝑖𝐶𝑥 precipitate is known as a hard particle, it increases the dislocation density and 
restrict the movements of dislocations, hence improves the strength of the material.  
3. As an efficient oxygen getter, titanium carbide (in the form of 𝑇𝑖2𝐶) tends to form titanium 
oxy-carbide (Ti(CO)) with oxygen and remove the element from Ti alloy matrix.  
4. The presence of titanium carbide from carbon addition restricts the growth of α phase 
precipitates since it removes oxygen, a strong α stabilising element from the matrix. This 
improves the ductility as embrittlement from α phases is limited.  
5. Higher carbon contents lead to better refinement of grains, however there will be a limit in 
which further grain refinement by increasing carbon addition would be impossible.  
6. The initial addition of carbon from 0wt%C to 0.2wt%C may drastically improve the 
strength of the as-sintered alloy while maintaining approximately the same ductility. 
Further carbon addition may lead to decrease in ductility with no significant increase in 
strength.  
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6.7.1. Comparison with phase diagram  
Overall, it appears that the microstructural results and the hardness tests are consistent with what 
is expected from the phase diagrams in appendix III as well as from the statements above. 
According to the phase diagram for partial system Ti-C, the microstructure of the as-sintered alloy 
would completely consist of titanium carbide at or above 13wt% of carbon contents. Therefore, it 
is expected that at 14wt%C the microstructure would contain exclusively titanium carbide only. In 
addition, since the other five samples have lower concentration than 13wt%C, it is expected that 
after 2 hours of sintering at 1250℃ over the β-transition line and follow by slow rate cooling would 
result in large crystallized 𝛼 grains with titanium carbide precipitates at room temperature.  
6.7.2. Influence of titanium carbide as the oxygen getter 
To explain the observations made on the microstructures, the mechanisms between titanium 
carbide and oxygen from the Ti matrix discussed in chapter 3 is revisited. However, there are two 
major uncertainties regarding the interactions between titanium carbide and oxygen. Firstly, the 
presence of  sub-stoichiometric titanium carbide (𝑇𝑖2𝐶 ). Secondly, the source of oxygen contents. 
In order to achieve higher strength and ductility, the amount of α phase precipitates as well as their 
growth can be reduced and restricted by the removal of oxygen contents, due to the presence of 
𝑇𝑖2𝐶 and their superlattice maxima. According to the microstructural results of as-sintered CP-Ti 
between 0.25wt%C and 1.3wt%C, it is obvious that strengthening effect has definitely taken place 
along with increasing carbon content, as the growth of α grains are restricted and refined. The 
presence of 𝑇𝑖2𝐶 precipitates could potentially been one of the contributing factor of this effect. 
However, further experiment is required to confirm the existence of superlattice maxima, since it 
is the only crystal structure that allows titanium carbide to accommodate oxygen atoms. One of the 
most efficient technique to detect the presence of 𝑇𝑖2𝐶 is through the application of transmission 
electron microscopy (TEM). According to appendix V, the SAD patterns generated by TEM can 
be used to investigate the structures of titanium carbides in this case, superlattice maxima.  
Since the presence of oxygen during sintering is unclear as the heat treatment process was 
performed under vacuum condition, further WDX analysis is still required in the future to provide 
evidence of oxygen trace. At this stage, it can only be assumed the entrapment of oxygen contents 
within the Ti matrix after the compacting procedure. 
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6.7.3. Hardness/Microstructure correlation 
According to the hardness results of as-sintered CP-Ti samples with 0.00025wt%,0.25wt% and 
0.5wt% of carbon contents, a close relation can be observed with their microstructural results. Since 
there is no presence of other alloying elements in the samples, the hardness can only be influenced 
by the amount of titanium carbide particles. Therefore, a drastic increase of hardness is obtained 
from 256 HV (0.25wt%C) to 439HV(0.5wt%C) as the carbon concentration increases. According 
to the surface hardness test results by Yong Luo et al (2011) as shown in figure 28, titanium carbide 
tends to have substantially high hardness at around 778HV in comparison with a commercial 
titanium alloy (Ti-6A-14V), which only has 
about 350HV. Therefore, it is expected that 
titanium alloys with high concentration of 
titanium carbide would often lead to 
increase in hardness. The 
hardness/microstructure correlation is also 
supported by the experimental results, 
however, it should also be noted that 
materials with high hardness often have the 
tendency to be very brittle.  
Figure 30 displays the load vs. 
displacement curves for titanium alloy (Ti-
6A-14V) and titanium carbide obtained by 
nano-indentation test (Yong Luo et al, 2011). 
It is notice that while titanium carbides 
possess significantly high hardness in 
comparison with a commercial titanium 
alloy, its performance in terms of plasticity 
is quite poor. According to Figure 29, the 
plasticity of titanium carbide appears to be 
about 10% lower than that of Ti-6A-14V. 
This indicates that higher volume fraction of titanium carbides could actually lead to detrimental 
effects due to the high embrittlement. 
Figure 28 Surface micro-hardness of Ti-6Al-4V and Titanium cermet 
(Yong Luo et al, 2011). 
Figure 29 Plasticity % of Ti-6Al-14V and Titanium cermet (Yong Luo 
et al, 2011). 
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(a) 
 
(b) 
 
Figure 30 load vs. displacement curves for (a) Ti-6Al-4V and (b) Titanium cermet (Yong Luo et al, 2011). 
 
6.7.4. Titanium carbide fraction analysis 
The volume fraction % of each sample is evaluated using imageJ to investigate the formation 
behaviour of titanium carbide. It should be noted, however, that the data may be inaccurate as the 
fraction percentage is only taken from a microstructural image that belongs to a small portion of 
the entire surface. From table 2, it can be seen that at 0.25wt%C, the titanium carbide portion is 
only about 5%. As the carbon concentration increases from 0.25wt%C to 1.3wt%C, the titanium 
fraction is increased by only 2%. However, when increased from 1.3wt%C to 2.7%C, the fraction 
suddenly rises by about 20%, indicating that the amount of titanium carbide does not increase 
proportionally with the amount of carbon contents. It is also noticed that the samples with the 
concentrations from 5.9wt%C to 14wt%C has experienced sudden decrease of increasing titanium 
carbide fractions, which almost remained constant at around 65-70%. 
This phenomenon can be explained by the maximum solubility of carbon in titanium. As discussed 
in chapter 3, the solubility of carbon plays a significant role on the formation mechanism of 
titanium carbide. By referring to the phase diagram in appendix III, the maximum solubility of 
carbon in titanium is expected to be about 1.8wt%C. This explains the significant increase of 
titanium carbide at 2.7wt%C, which is over the maximum solubility.  
In addition, it is also expected that the microstructure would completely transform into titanium 
carbide once the concentration reaches about 13%C. This explains the sudden decrease of 
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increasing titanium carbide fraction as the carbon concentration of the sample approaches 13wt%C 
and over as shown from table 2.   
6.7.5 Limitations 
There are several limitations involved during both research and experimental stages, due to 
restricted time and resources. These restrictions should be taken into considerations prior to 
drawing conclusions from the present work, in order to provide an insight for any continuous 
work to be conducted in the future.   
 Further experiment on the tensile and compressive properties on the as-sintered CP-Ti 
samples should be performed in the future work, in order to correlate the results with 
previous research.  
 SEM/TEM analysis on the present work was not performed due to the lack of time. 
However, this is strongly suggested to be done in the future for the analysis of detailed 
morphology, crystal structures and alloying compositions.  
Chapter 7: Chapter Summary and Conclusion 
The objective of this project was to investigate and control the effect of carbon concentration within 
the titanium alloys by studying the precipitation mechanisms of titanium carbide particles with 
different alloying elements and amount of carbon additions. As a result, the following conclusions 
can be made from the literature review and experimental results.  
 The applications of titanium alloys had always been widely used in the aerospace and 
automotive industries. For the past few decades, the applications of biomedical grade 
titanium alloys in the medical industries had been growing rapidly. The development of 
non-toxic β-type titanium alloys has been drawing considerable interests recently for the 
applications of bone implants, due to their superior biocompatibility, similar modulus to 
human bones, good fracture toughness and hardness.   
 Additional carbon contents promote the growth of titanium carbide in the alloys. While the 
presence of titanium carbide improves the mechanical properties of the alloy by acting as 
an oxygen getter and restricting the growth of α phase precipitates, high concentration of 
titanium carbide can result in detrimental effects such as strength reduction, lower ductility 
and hence high embrittlement.  
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 The alloying elements of titanium alloys are classified as β or 𝛼 stabalisers. As the name 
suggested, β stabilisers promote the growth of β by lowering the β transition temperature, 
whereas 𝛼 stabilisers encourage 𝛼 precipitation by increasing β transition temperature. 
 Depending on the solubility of carbon particles in different alloying elements, the maximum 
solubility of carbon in the titanium alloys can be either reduced or increased, resulting in 
lower or higher fraction of titanium carbide.  
 The formation of sub-stoichiometric titanium carbides (𝑇𝑖2𝐶) is important for the removal 
of oxygen atoms from the matrix of titanium alloy. The presence of super lattice maxima 
in 𝑇𝑖2𝐶 provides accommodation for oxygen atoms, leading to less concertation of oxygen 
in the matrix. However, for 𝑇𝑖2𝐶 to act as an oxygen getter, the alloying metallic atoms 
must not increase the solubility of oxygen higher than that of 𝑇𝑖2𝐶 particles.  
 For the purposes of medical applications, non-toxic β-type titanium alloys with different 
alloying compositions were studied. It is concluded that alloying elements such as Nb, Ta, 
Zr, Mo and Sn are expected to perform better than conventional titanium alloy implants. 
 Different heat treatment processes change the microstructures, especially the formation 
mechanism of titanium carbides, leading to varying mechanical properties. For instance, 
hot compression immediate alters the shapes, sizes and distribution of titanium carbide, 
resulting in strengthening of the alloy due to better grain refinement.  
 The theory of interface-controlled dissolution precipitate-matrix interface in the matrix can 
be utilised as the controlling mechanism to avoid the effect of constitutional liquation, 
which promotes the recrystallization of undesired precipitates.  
 The samples of as-sintered CP-Titanium with different carbon concentration were 
evaluated from the present work. Both microstructural results and hardness test are 
consistent with the literature and phase diagrams in Appendix III. While the precipitation 
of titanium carbide improves the mechanical properties of the samples through grain 
refinement, it was discovered that high fraction of titanium carbide would lead to 
detrimental effects in the form of porous structures.  
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Chapter 8: Recommendations 
In order to develop a feasible controlling method on the microstructures of titanium carbide in the 
alloys, it is recommended that future investigations should be taken with respect to:  
 Extensive literature research on the effect of interface-controlled dissolution on 
constitutional liquation. 
 Detailed SEM/TEM analysis on the present work to observe the presence of oxygen 
contents, morphology and crystal structures of titanium carbide in the as-sintered CP-Ti 
samples.   
 Tensile and elastic properties of the as-sintered CP-Ti samples, in order to evaluate and 
discuss the correlation between the present work and the results from literature. 
 Alternative heat treatment techniques such as hot isostatic pressing or injection moulding 
to observe the change in microstructures.  
 Titanium alloys with various alloying compositions for instance, Nb or Si.  
 Further tests should be performed on as-sintered CP-Ti samples with carbon additions of 
around 0.1%.  
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Appendices 
 
Appendix I Backscattered SEM images of a: Ti-15Fe-0.2C b: Ti-15Cr-0.2C c: Ti-15Mo-0.2C d: Ti-15Mn-0.2C (Z.Q. Chen et al, 2003) 
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Appendix II Backscattered SEM images of  Ti-15Ni-0.2C (top-left), Ti-15Co-0.2C (top-right), Ti-15Cr-0.2C (bottom) 
(Z.Q. Chen et al, 2003). 
P a g e  50 | 60 
 
 
 
Appendix III Phase diagram for partial system Ti-C (Harold D. Kessler et al, 1953). 
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Appendix V SEM/TEM of Ti-15Cr-0.2C 
 
Appendix IV SEM/TEM of Ti-15Ta-0.2C (Z.Q. Chen et al, 2003) 
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Appendix VI Microstructures of Ti-35V-15Cr-0.3Si-0.1C at temperatures a. 950 b. 1050 c. 1150 (Saifei Zhang et al, 2016). 
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Carbon % Ti % Carbon weight (g) Ti weight (g) C wt% Ti wt% 
1 99 0.005037783 1.994962217 0.251889 99.74811 
2 98 0.010152284 1.989847716 0.507614 99.49239 
3 97 0.015345269 1.984654731 0.767263 99.23274 
4 96 0.020618557 1.979381443 1.030928 98.96907 
5 95 0.025974026 1.974025974 1.298701 98.7013 
6 94 0.031413613 1.968586387 1.570681 98.42932 
7 93 0.036939314 1.963060686 1.846966 98.15303 
8 92 0.042553191 1.957446809 2.12766 97.87234 
9 91 0.048257373 1.951742627 2.412869 97.58713 
10 90 0.054054054 1.945945946 2.702703 97.2973 
20 80 0.117647059 1.882352941 5.882353 94.11765 
30 70 0.193548387 1.806451613 9.677419 90.32258 
40 60 0.285714286 1.714285714 14.28571 85.71429 
50 50 0.4 1.6 20 80 
Appendix VII Weight percentage calculation of CP-Ti with carbon contents. 
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Appendix VIII Mechanical properties of different titanium alloys (Daisuke Kuroda, 1998). 
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Appendix IX Elastic properties of different titanium alloys (Daisuke Kuroda, 1998). 
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Appendix X Properties of pure titanium (MatWeb, 2016). 
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Appendix XI Properties of pure Ti grade 12(Matweb, 2016). 
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List of Abbreviations  
℃ Degree (Celsius) 
UTS Ultimate tensile strength 
TEM Transmission electron microscopy 
SEM Scanning electron microscopy 
WDX Wavelength dispersive spectroscopy 
SAD Selected area diffraction 
EELS Electron energy loss spectroscopy 
BSE Black scattered electron 
at% Atomic percentage 
wt% Weight percentage 
vol% Volume percentage 
MPa Mega Pascal 
ppm Parts per million 
pm Pico metre 
𝝁𝒎 Micro metre 
g/mol Grams per mol 
HV Vickers Pyramid Number 
Ti Titanium 
C Carbon 
V Vanadium 
Al Aluminium 
Mo Molybdenum 
Nb Niobium  
Ta Tantalum 
Zr Zirconium 
Sn Tin 
Cr Chromium 
Co Cobalt 
Fe Iron 
Mn Manganese 
Ni Nickel 
Si Silicon 
Ti(CO) Titanium oxy-carbide 
𝑻𝒊𝑪𝒙 Titanium carbide precipitate 
𝑻𝒊𝟐𝑪 Sub-stoichiometric titanium carbide 
HNO3 Nitric acid 
CP-Ti Commercially pure titanium 
α Alpha 
β Beta 
PSN Particle stimulated nucleation 
DRX Dynamic recrystallization  
 
